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Nano-scaled drug carriers have great potential for the treatment of solid tumors. Nevertheless, hypovascularity
and fibrosis in some types of solid tumors have been demonstrated to reduce the penetration and accumulation
of nano-scaled drug carriers. Diffuse-type scirrhous gastric cancers present such characteristics as well as fre-
quent metastasis to the lymph nodes; therefore, it remains a great challenge to eradicate scirrhous gastric can-
cers based on the drug targeting using nanocarriers. Herein, we demonstrated that polymeric micelles with

giﬁg%z?v . 30-nm diameter incorporating (1,2-diaminocyclohexane)platinum(II) (DACHPt), the parent complex of the an-
Chemotherapy ticancer drug oxaliplatin, efficiently penetrated and accumulated in an orthotopic scirrhous gastric cancer model,

Polymeric micelles
Gastric cancer
Lymph node metastasis

leading to the inhibition of the tumor growth. Moreover, the elevated localization of systemically injected
DACHPt-loaded micelles in metastastic lymph nodes reduced the metastatic tumor growth. These results suggest
DACHPt-loaded micelles as a promising nanocarrier for the treatment of scirrhous gastric cancers and their lym-

phatic metastases.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nano-scaled drug carriers are being developed for improving the
treatment of solid tumors while decreasing the toxicity [1-5]. These
nanocarriers effectively accumulate in solid tumors due to the hyper-
permeability of blood capillaries to circulating macromolecules and
the impaired lymphatic drainage of these macromolecules, which
are known as the Enhanced Permeability and Retention (EPR) effect
[6]. Indeed, several nanocarrier formulations have been approved
for clinical use against hypervascular cancers such as ovarian cancers,
HIV-associated Kaposi's sarcoma and breast cancers [7,8]. However,
in some intractable cancers such as pancreatic and gastric cancers,
the hypovascularity and fibrosis of tumors may compromise the ex-
travasation and tissue penetration of nanocarriers [9,10].
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Gastric cancers cause 1 million deaths per year worldwide being
the 2nd leading cause of cancer-related death following lung cancer
[11]. Among gastric cancers, a diffuse-type scirrhous gastric cancer
(SGC) affects younger patients and presents the highest mortality
[12]. SGC is characterized by hypovascularity, extensive stromal fibro-
sis and metastasis to the lymph nodes [13-15]. These characteristics
impair the therapeutic efficacy of chemotherapy as well as
nanocarrier-mediated targeting chemotherapy. Moreover, the targeting
chemotherapy against lymph node metastasis involve intralymphatic
or local administration of nanocarrier-encapsulated antitumor agents
[16-18]; however, these approaches may not target all draining
lymph nodes due to the inappropriate position of the injection [18]
and the obstruction of lymphatic vessels in advanced stages of cancer
[18-19]. Hence, the improved targeting against the lymph node metas-
tasis is strongly needed to eradicate the lymph node metastasis.

Polymeric micelles, self-assemblies of block copolymers are char-
acterized by the core-shell structures with drug-loaded core sur-
rounded by hydrophilic PEG shell, and have shown great potential
as tumor-targetable nanocarriers [3-5]. The substantial advantages
of polymeric micelles include relatively small size ranging from 20
to 100 nm, controllable drug loading and release, and favorable bio-
distribution including prolonged blood circulation and enhanced
tumor accumulation [3-5]. Accordingly, micelle formulations
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incorporating doxorubicin, SN-38, paclitaxel, cisplatin, and (1,2-
diaminocyclohexane)platinum(Il) (DACHPt) (an active form of oxali-
platin) exerted significant efficacy against several tumor models with
appreciably lowered toxicity compared to free drugs, and are currently
under clinical evaluation [20-24]. Particularly, DACHPt-loaded poly-
meric micelles (DACHPt/m) are characterized by the small size (ca.
30 nm) [25-26], achieving high penetration into tumor mass and re-
markable antitumor activity against poorly permeable tumors such as
pancreatic tumors [27-29].

This study was aimed to evaluate the targeting ability and thera-
peutic efficiency of systemically injected DACHPt/m against a well-
established experimental model of SGC, which was prepared by
orthotopic inoculation of OCUM-2MLN scirrhous gastric cancer cells
[30-31]. In the orthotopic SGC model of OCUM-2MLN cells, the induc-
tion of lymph node metastasis occurs in all mice, while the tumor mi-
croenvironment shows hypovascularity and thick fibrosis similar to
SGC in the patients, indicating the clinical relevancy of this model
[30-31]. Here, the therapeutic potential of the DACHPt/m against
orthotopic SGC and their lymph node metastasis was examined by
using bioluminescent OCUM-2MLN-Luc tumors.

2. Materials and methods
2.1. Materials

Bis(trichloromethyl)carbonate (triphosgene) was purchased from
Tokyo Kasei Kogyo Co., Inc. (Tokyo, Japan). y-Benzyl L-glutamate was
purchased from Sigma Chemical Co., Inc. (St. Louis, MO). N,N-
Dimethylformamide (DMF) and 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) were obtained from Wako Pure
Chemical Co., Inc. (Osaka, Japan). Dichloro(1,2-diamminocyclohexane)
platinum(Il) (DACHPtCl,) was purchased from Heraeus (Germany).
AgNO; was purchased from Aldrich Chemical Co., Inc. (Milwaukee,
WI). a-Methoxy-w-amino poly(ethylene glycol) (CH30-PEG-NH,;
Mw = 12,000) was purchased from NOF Co., Inc. (Tokyo, Japan). Alexa
594- and Alexa 680-N-hydroxysuccinimide ester were purchased
from Invitrogen (USA).

2.2. Animals and cells

Immunodeficient BALB/c nu/nu mice at 6 weeks of age were
obtained from Charles River Laboratories (Tokyo, Japan), and treated
in accordance with the policies of the Animal Ethics Committee of The
University of Tokyo. Human diffuse-type gastric carcinoma OCUM-
2MLN cells were used for the model of diffuse-type scirrhous gastric
cancer (SGC) with high frequency of the lymph node metastasis
[30-31]. OCUM-2MLN cells were maintained in Dulbecco's Modified
Eagle Media (DMEM) (Sigma Chemicals). supplemented with 10%
fetal bovine serum (FBS) in a humidified atmosphere containing 5%
CO, at 37 °C.

2.3. Preparation of PEG-b-P(Glu)

Poly(ethylene glycol)-poly(L-glutamic acid) block copolymers
(PEG-b-P(Glu)) were synthesized according to the previously de-
scribed synthetic method with a slight modification [25]. Briefly, N-
carboxy anhydride of vy-benzyl L-glutamate was polymerized in
DMEF, initiated by the primary amino group of CH30-PEG-NH, to obtain
PEG-poly(y-benzyl-L-glutamate) block copolymer (PEG-b-PBLG). A
narrow distribution (Mw/Mn: 1.06) of PEG-b-PBLG was confirmed by
gel permeation chromatography [column: TSK-gel G3000HHR,
G4000HHR (Tosoh, Yamaguchi, Japan); eluent: DMF containing 10 mM
LiCl; flow rate: 0.8 ml/min; detector: refractive index (RI); temperature:
25 °C]. The polymerization degree of PBLG was determined to be 20 by
comparing the proton ratios of methylene units in PEG (—OCH,CH,—:
6=3.7 ppm) and phenyl groups of PBLG (—CH,Cs¢Hs—: 6 ="7.3 ppm)

in TH-NMR measurement [JEOL EX270 (JEOL, Tokyo, Japan); solvent:
DMSO0-ds; temperature: 80 °C]. The deprotection of the benzyl group of
PEG-b-PBLG was carried out by mixing with 0.5 N NaOH at room tem-
perature to obtain PEG-b-P(Glu).

PEG-b-P(Glu) was fluorescent-labeled by the conjugation of Alexa
594- or Alexa 680-succinimidyl esters to the w-amino group of the
polymer in DMSO. Twenty-four hours later, the polymers were puri-
fied by dialysis against DMSO followed by water. Finally, the solutions
were freeze-dried, and the amount of conjugated dye was deter-
mined to be approximately 70% (% fluorescent dye / PEG-b-P(Glu))
by fluorescence spectroscopy.

2.4. Preparation of DACHPt-loaded micelles (DACHPt/m)

DACHPt/m were prepared according to a previously described
method [25]. Briefly, DACHPtCl, (5 mM) was suspended in distilled
water and mixed with silver nitrate [(AgNOs)/(DACHPt)=1] to
form DACHPtCI(NOs). The solution was kept in the dark for 24 h at
25 °C. AgCl precipitate after reaction was eliminated by centrifuga-
tion. The supernatant was purified by passage through a 0.22 ym fil-
ter. Then, PEG-b-P(Glu) [(Glu)=5 mmol/l] was added to the
DACHPt solution [(DACHPt)/(Glu) = 1.0] and reacted for 120 h to pre-
pare DACHPt/m. The prepared micelles were purified by ultrafiltra-
tion [molecular weight cutoff size (MWCO): 30,000]. The size
distribution of DACHPt/m was evaluated by dynamic light scattering
(DLS) measurement at 25 °C, using the Zetasizer Nano ZS90 (Malvern
Instruments Ltd., Worcestershire, United Kingdom).

The Pt content of the micelles was determined by using an ion
coupled plasma-mass spectrometer (4500 ICP-MS; Hewlett Packard,
Palo Alto, CA). Fluorescent-labeled DACHPt/m were prepared in a
similar manner with Alexa 594- or Alexa 680-labeled PEG-P(Glu).

2.4.1. In vitro cytotoxicity assay

To determine the cytotoxicity, OCUM-2MLN cells were seeded in a
96 well plate and incubated at 37 °C. Then, the cells were exposed to
free oxaliplatin or DACHPt/m for 48 or 72 h, followed by the addition
of MTT solution. Cell viability was measured by the formed formazan
absorbance at 570 nm.

2.5. Preparation of orthotopic SGC models with lymphatic metastasis

Lentiviral vector [32] was used to express the luciferase protein
gene stably in OCUM-2MLN cells. The prepared OCUM-2MLN-Luc
cells were grown in DMEM containing 10% FBS. For preparation of
orthotopic SGC models, OCUM-2MLN-Luc cells were inoculated by
orthotopic implantation method. Briefly, after the abdomen of BALB/c
nu/nu mice was sterilized with alcohol, an incision was made to expose
the stomach, and OCUM-2MLN-Luc cell suspension was injected
sub-serosally into the gastric- walls as previously described [33].
The stomach was then returned into the peritoneal cavity, and the
abdominal wall and the skin were closed with surgical suture.

2.6. Evaluation of antitumor activity by bioluminescent imaging

Bioluminescent imaging [34] was carried out with a highly sensi-
tive CCD camera using IVIS imaging system (IVIS, Caliper Life Science,
Hopkinton, MA). Imaging and quantification of signals were analyzed
by Living Image software (Caliper Life Science). For in vitro imaging,
bioluminescent cells were diluted in cell culture media in a black,
96-well plate (Costar, Corning, NY). VivoGlo luciferin (Promega, Madison,
WI) at 150 pg/ml in media was added to each well 5 min prior to imaging.
Imaging was performed for 1 min per plate. For the analysis of antitu-
mor activity, BALB/c nu/nu (n=5) mice were inoculated by orthotopic
injection of OCUM-2MLN -Luc cells (5x 10°). Tumors were allowed to
grow for 3 weeks, to initiate the metastasis to the lymph nodes. Subse-
quently, the mice received three i.v. injections of oxaliplatin (8 mg/kg)
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and DACHPt/m (4 mg/kg on a Pt base) on days 0, 2 and 4. Photon flux
was measured until 2 weeks and was taken as a parameter of tumor
volume. Body weight was measured simultaneously to assess the
toxicity.

2.7. Antitumor activity against lymph node metastasis

To study the antitumor efficacy of the DACHPt/m against lymphatic
metastasis, the mice were sacrificed at the end of the antitumor activity
experiment and the metastatic lymph nodes were excised and weighed.
The inhibition of the growth of the metastases was associated with the
weight of the lymph nodes.

2.8. Accumulation of DACHPt/m in orthotopic tumors and metastatic
lymph nodes

In order to analyze the biodistribution of oxaliplatin and DACHPt/m,
OCUM-2MLN-Luc cells (5% 108 cells/ml) were injected sub-serosally
into the gastric walls of BALB/c nu/nu mice (female, n=>5). Four
weeks later, oxaliplatin and DACHPt/m were intravenously injected at
a dose of 100 pg/mouse on a platinum basis. Mice were sacrificed after
defined time periods (1, 4 and 24 h), and then tumor and metastatic
lymph nodes were collected. Tissue samples were washed in ice-cold
saline and weighed after removing excess fluid. All samples were dis-
solved in HNOs and evaporated to dryness. The Pt concentration was
measured by ICP-MS after the samples were redissolved in 5N HCL.

2.9. Biodistribution of fluorescent-labeled DACHPt/m

DACHPt/m were labeled with Alexa 680 to investigate the accu-
mulation in orthotopic gastric tumors and metastatic lymph nodes.
OCUM-2MLN (5x10° cells/ml) cells were inoculated sub-serosally
into the gastric walls of BALB/c nu/nu mice and the tumors were
allowed to grow for about 3 weeks. Alexa 680-labeled DACHPt/m
(5 mg/kg on Pt basis) were intravenously injected and the mice
were imaged after 24 h to track the accumulation of micelles in the

whole body by using IVIS imaging system (excitation: 640 nm; emis-
sion: 720 nm; exposure time: 1 s; field of view: 18.1 cm). Then, the
mice were sacrificed and the organs (liver, kidney and spleen), the
primary tumor and the metastatic lymph nodes were imaged ex
vivo to evaluate the accumulation of micelles.

2.10. Microdistribution of fluorescent micelles in orthotopic tumor and
lymph node metastasis

Tumor bearing mice were injected intravenously with Alexa 594-
labeled DACHPt/m to evaluate their microdistribution in primary tu-
mors and metastatic lymph nodes by histology. Tumors, metastatic
and normal lymph nodes were excised, snapped frozen in liquid ni-
trogen and embedded in optimal cutting temperature compound
(Tissue-Tek, Sakura Finetek). The frozen samples were sectioned at
10-pm thickness in a cryostat and fixed with 10% formalin. The tissue
sections were stained with hematoxylin and eosin (H&E) and ob-
served using an Olympus AX80 microscope (Olympus, Japan). For im-
munohistochemical analysis, the tissue sections were also stained for
lymphatic vessels by using anti-LYVE-1 antibody (Abcam), blood ves-
sels by using anti-PECAM-1 antibody (BD PharMingen), and cancer
cells by using anti-CD326 antibody (EpCAM, Miltenyi biotec), followed
by staining with Alexa488- and Alexa647-conjugated secondary anti-
bodies (Invitrogen). Hoechst 33342 was used for nuclear staining. The
stained tissue samples were observed using a LSM510 META laser con-
focal microscope (Carl Zeiss, Germany).

3. Results
3.1. In vitro characterization of DACHPt-loaded micelles (DACHPt/m)

The polymer-metal complex formation between DACHPt and the
carboxylic group of the P(Glu) in the PEG-b-P(Glu) led to the forma-
tion of polymeric micelles with an average diameters of approximate-
ly 30-nm (Fig. 1 and Supplementary Fig. SIA). DACHPt/m can release
cytotoxic DACHPt complexes from the micelle core by the ligand

Polymer-metal complex

Drug release

Na* O -

Poly({ethylene glycol)-b-poly(glutamate)
(PEG-b-P(Glu)) Water, 37°C

—e

+

32 NO3
X
u/ \CI

[
DACHPt-loaded DACHPt complexes
micelles are released in
(1,2-Diaminocyclohexane)platinum(il) °’"°"d;e caniang

(DACHPt) nitrate chioride

Fig. 1. Scheme of the preparation of DACHPt-loaded micelles (DACHPt/m). The micelles are formed by the polymer-metal complex formation between DACHPt and the carboxylic
acid moieties in the poly(glutamic acid) backbone. DACHPt is released in a sustained manner as a result of the ligand substitution of the Pt(Il) from the carboxylates in the core of

the micelles with the chloride ions in the medium.
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Table 1
Fifty-percent cell growth inhibitory concentration (ICso) of DACHPt/m and oxali-
platin against human scirrhous gastric cancer OCUM-2-MLN cells.

Drug ICso (uM)

48 h 72h
DACHPt/m 20.0 125
Oxaliplatin 125 6.25

exchange of DACHPt from the carboxylic groups of p(Glu) to the chlo-
ride ions in the media [28]. The 50% cell growth inhibitory concentra-
tion (ICsp) of DACHPt/m was approximately 2-fold higher than that of
oxaliplatin (Table 1).

3.2. Antitumor activity against bioluminescent orthotopic gastric tumors

OCUM-2MLN cells stably expressing luciferase gene (OCUM-
2MLN-Luc) were prepared by the lentiviral transfection. The biolumi-
nescent signal of OCUM-2MLN-Luc after the addition of luciferin was
measured by IVIS (Supplementary Fig. S2). As the light glowing from
the cells increased linearly with cell density (Supplementary Fig. S2),
we can use the light intensity of OCUM-2MLN-Luc to quantify the
tumor burden.

The antitumor activity of oxaliplatin and DACHPt/m was studied
in mice bearing orthotopic OCUM-2MLN-Luc tumors that have
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Fig. 2. Antitumor activity of oxaliplatin and DACHPt/m against bioluminescent OCUM-
2-MLN-Luc orthotopic gastric cancer. A, Relative photon flux from the tumors after the

injection of saline, oxaliplatin 8 mg/kg and DACHPt/m 4 mg/kg on days 0, 2 and 4. B,
Relative body weight of the mice. Data are expressed as a mean+SE (n=5).
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Fig. 3. Weight of the metastatic lymph nodes at the end of the antitumor activity experi-
ment (day 14). Data are expressed as a mean=SE (n=5).

already developed metastasis to the lymph nodes. The mice were
treated intravenously 3 times at 0, 2 and 4 days with oxaliplatin at
8 mg/kg or DACHPt/m at 4 mg/kg on a Pt basis. The photon flux (pho-
tons per second) from the bioluminescent tumors was assessed by
IVIS every second day. Consequently, oxaliplatin failed to show any
antitumor effect against the OCUM-2MLN-Luc tumors as the photon
flux of oxaliplatin-treated mice was comparable to that of untreated
mice (Fig. 2A). In contrast, the mice treated with DACHPt/m showed
significantly lower relative photon flux compared with untreated
and oxaliplatin-treated mice (Fig. 2A) without significant body
weight loss (Fig. 2B), indicating a significant antitumor activity
against the orthotopic gastric tumors.

3.3. Growth inhibition of lymph node metastasis

At the end of the antitumor activity study, the mice were sacrificed
and the metastatic lymph nodes were collected and weighed. As
shown in Fig. 3, the weights of the lymph nodes in DACHPt/m-treated
mice were approximately four and two times lower than those in
untreated mice and oxaliplatin-treated mice, respectively, suggesting
that DACHPt/m might effectively inhibit the growth of the metastatic
lymph nodes and their efficacy might surpass that of oxaliplatin.

3.4. Biodistribution of DACHPt/m in orthotopic gastric tumors and metastatic
lymph nodes

DACHPt/m gradually accumulated in the orthotopic tumors due to
the EPR effect, achieving approximately 10% of injected dose per gram
of tumor tissue at 24 h (Fig. 4A). The tumor accumulation at 24 h for
DACHPt/m was 6 times higher than oxaliplatin (Fig. 4A). DACHPt/m
also showed enhanced accumulation in sentinel and distant metastatic
lymph nodes (Fig. 4B and C). The effective accumulation of DACHPt/m
in the metastatic lymph nodes may account for their effective growth
inhibition of lymphatic metastasis.

The in vivo distribution of fluorescent-labeled DACHPt/m was
assessed by fluorescent imaging of the whole body of tumor-bearing
mice. Twenty-four hours after intravenous injection of fluorescent-
labeled DACHPt/m, intense fluorescence signal was detected at the
tumor site, suggesting the selective accumulation of DACHPt/m in
the orthotopic tumors (Fig. 5A). In addition, mice were sacrificed
and the tumor, metastatic lymph nodes and organs (ie., spleen,
liver and kidneys) were imaged ex vivo (Fig. 5B). The high fluores-
cence signal of the micelles in the tumor and metastatic lymph
nodes indicates the ability of the micelles to target the scirrhous gas-
tric tumors and their lymphatic metastases.
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